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The kinetic method is used to determine the electron affinity (EA) of 1,3,5,7-cyclooctatetraene
(COT), a compound that undergoes a significant structural change upon electron attachment.
Collision-induced dissociation of anionic clusters of COT with a set of reference compounds
(Ref), [COT z Ref]2z, at various collision energies, allowed deconvolution of the relative
enthalpies and entropies of the competitive reactions. The adiabatic EA of COT is determined
to be 0.58 6 0.10 eV, in good agreement with the value, 0.58 6 0.04 eV, of Wentworth and
Ristau (J. Phys. Chem. 1969, 73, 2126) determined by thermal electron detachment as well as the
more recent value, 0.55 6 0.02 eV, of Kato et al. (J. Am. Chem. Soc. 1997, 119, 7863) determined
by equilibrium electron transfer with molecular oxygen. A large entropy difference, 25.6 6
10.0 e.u. (J mol21 K21), is observed between the two dissociation channels. This entropy
difference corresponds to a negative 14.7 6 13.0 e.u. change for the dissociation of the dimer
to give COT2z and the neutral reference compound and a positive 10.9 6 8.4 e.u. entropy
change for the dissociation of the dimer to give Ref2z and neutral COT. (J Am Soc Mass
Spectrom 1998, 9, 1141–1145) © 1998 American Society for Mass Spectrometry
Electron affinity (EA) is a fundamental thermo-chemical quantity, defined as the negative of theenergy and hence enthalpy change for electron
attachment:
A 1 e23 A2z
(1)
EA 5 2DHrxn 5 Df H~A! 1 Df H~e
2) 2 Df H~A
2)
The literature data for this quantity are often lower in
precision than other thermochemical quantities because
of inaccuracies in the experiments [3, 4] (e.g., gas-phase
electron-transfer equilibria) and the lower accuracy of
calculations involving odd-electron systems. Gas-phase
electron-transfer equilibrium experiments [4] are per-
formed by measuring the forward and reverse rate
constants of the electron-transfer reaction of the com-
pound of interest with a reference compound, in order
to determine the equilibrium constant and thus the free
energy change for electron transfer (DGrxn). The desired
enthalpic quantity can be determined from temperature
dependent studies, or knowledge of the entropy change
associated with the reaction (DSrxn).
Spectroscopic techniques for EA measurement in-
clude laser photoelectron spectroscopy [5] and laser
photodetachment [6] which involve irradiating the an-
ion of interest and determining the threshold energy of
the detached electron. These methods, although capable
of providing extremely accurate data, can fail to yield
accurate adiabatic quantities for molecules which un-
dergo a considerable change in geometry between the
neutral and the anion.
The adiabatic EA of 1,3,5,7-cyclooctatetraene (COT)
has been the subject of recent interest. Because of the
structural differences [2] between neutral COT (tublike)
and the radical anion COT2z (planar), not all methods
are able to provide accurate adiabatic EA values. The
EA of COT has been reported using various techniques,
including thermal electron detachment (0.58 6 0.04 eV)
[1], photodetachment (,0.8 eV) [7], equilibrium elec-
tron transfer with O2 (0.55 6 0.02 eV) [2], and photo-
electron spectroscopy (;0.65 eV) [8].
Gas-phase EAs also can be determined by the disso-
ciation of anionic clusters consisting of the anion radical
of the compound of interest coupled with a reference
compound (an “electron-bound” heterodimer) [9–12].
This kinetic method approach [13] has found wide use
in the determination of other thermochemical quanti-
ties, including proton affinities (PAs) [14] and ioniza-
tion energies (IEs) [15–17], as well as some metal ion [18,
19] and polyatomic ion [20, 21] affinities.
The kinetic method employs the competitive disso-
ciation of gas-phase heterodimers for the estimation of
the difference in the critical energies of formation of the
respective charged monomers. By determining the ratio
of the rate constants, k1/k2, of the two dissociation
channels, as shown below for COT and a reference
compound, one can determine thermochemical quanti-
ties of interest provided limitations of this method,
detailed elsewhere [22], are recognized.
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Experimentally, the ratio of the rate constants, k1/k2, is
measured as the ratio of the charged-monomer abun-
dances, [Ref2z]/[COT2z], and is determined by tandem
mass spectrometry.
From transition state theory, the ratio of the rate
constants can be related to the difference in critical
energies of dissociation for the two reaction channels
[23] by
ln ~k1/k2! 5 @«0~2! 2 «0~1!#/RTeff
1 ln @Q‡~1!/Q‡~2!# (3)
where «0(1) and «0(2) are the critical energies of the two
reaction channels, Teff is the effective temperature of the
activated cluster ion, and Q‡(1) and Q‡(2) are the
molecular partition functions of the activated com-
plexes. We assume a potential energy surface similar to
that for proton-bound dimers (i.e., a double-well poten-
tial) [24]. The relationship between the critical energies
and EAs of the two monomers, COT and Ref, is then
given as
D«0 5 «0~2! 2 «0~1!
5 Df H~COT
2z! 1 Df H(Ref) 2 Df H(Ref
2z)
2 Df H(COT) (4)
so that
D«0 5 EA(Ref) 2 EA(COT)
The activated cluster ions formed in the ion source of
the mass spectrometer have a non-Boltzmann distribu-
tion of internal energies. The effective temperature,
determined using a number of reference compounds,
represents the temperature of a population of dimers
with a thermal energy distribution that would fragment
to give the same product ion abundance ratio observed
in the experiment. The effective temperature is simply a
measure of the internal energy of the activated dimer
[13]. It has been shown [25] that under certain condi-
tions the effective temperature is approximately related
to the total internal energy « of the activated dimer and
the critical energy «0 for dissociation by
RTeff > ~« 2 «0!/~s 2 1! (5)
where s is the number of degrees of freedom of the
cluster ion. A large effective temperature will be the
result of either a large internal energy deposition
and/or a low dissociation energy for the complex (i.e.,
a loosely bound structure).
Referring back to eq 3, the molecular partition func-
tions represent the entropic contributions to the disso-
ciation. Typically, for loosely bound complexes, Q‡(1)
> Q‡(2) and this term can be ignored in the rate ratio
expression. However, in cases where the entropy dif-
ference between the reaction channels is nonnegligible
the term ln [Q‡(1)/Q‡(2)] may be expressed in terms
of the difference in entropy change between the two
dissociation channels, 2D(DS)/R [18, 23, 26]. A re-
quirement using this form of kinetic method treatment
is that the entropy change between the two reaction
channels (eq 2) is constant among the reference com-
pounds. The kinetic method equation can then be
written as
ln ~k1/k2! 5 EA(Ref)/RTeff 2 DG
app/RTeff (6)
where
DGapp 5 EA(COT) 2 TD~DS! (7)
A typical kinetic method plot of the natural log ratio of
product ion abundances versus EA(Ref), the electron
affinity of the reference compound, results in a linear
correlation with a slope of 1/RTeff and an intercept of
2DGapp/RTeff. The desired quantity, EA(COT), can be
deconvoluted from the intercept term (eq 7) by plotting
DGapp/RTeff derived from experiments at multiple col-
lision energies, and hence effective temperatures,
against the slope, 1/RTeff, for each experiment. The
plotting method described results in the determination
of a more accurate enthalpic value, in this case a more
accurate electron affinity, by removal of the entropic
contribution from the experimentally determined value.
Cerda et al. [18] have applied this methodology to the
study of metal ion binding to small biomolecules. In
their work, the entropic contribution determined by the
dissociation of the metal-bound dimers provided evi-
dence for chelation of the metal ion by the nucleobase.
As applied here, the kinetic method allows the deter-
mination of the EA and provides a limited amount of
information on entropic effects in electron transfer.
Experimental
For each experiment, a reference compound and COT
(Aldrich Chemical, Milwaukee, WI) were mixed and a 1
mL aliquot of the mixture was introduced into the mass
spectrometer on an unheated rhenium wire filament of
a direct insertion probe. The anionic dimers of interest
were formed in the ion source of a Finnigan TSQ 700
triple quadrupole mass spectrometer (Finnigan MAT,
San Jose, CA) by electron attachment in an ammonia
chemical ionization plasma (estimated pressure 1 torr).
Individual dimers were mass selected using the first
quadrupole (Q1) and collisionally activated in the sec-
ond quadrupole (Q2) using argon as the collision gas at
a pressure such that single collisions were ensured (viz.
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the decrease in the main beam intensity after gas
addition was no more than 20%). Collision energies of 2,
10, 20, 30, and 50 eV were selected in turn by varying
the potential difference between the collision quadru-
pole and the ion source. The dissociation products of
the dimers were mass analyzed by scanning the third
quadrupole (Q3) at unit mass resolution. For each
collision energy, multiple experiments were performed
and the results of the experiments were averaged to
give the reported ratio of the ion abundances with
relative standard deviations of ,15%. In turn, COT was




and 4-chloroacetophenone. All compounds were from
commercial sources and used without further purifica-
tion. The reference EA values used in this study are
based on the scale of Mallard and Linstrom [27].
Results and Discussion
Typical product ion mass spectra for the dissociation of
an anionic heterodimer composed of COT and a refer-
ence compound, 2,6-dichlorobenzonitrile, are shown in
Figure 1. These spectra, obtained using gentle activa-
tion—2 and 10 eV collision energy and single collision
conditions—show that fragmentation of the dimer
yields only the negatively charged monomers, COT2z
and Ref2z. The ratio of the fragment ions, [Ref2z]/
[COT2z], decreases as the collision energy increases, as
an expected consequence of the increase in effective
temperature with collision energy [13].
Kinetic method plots for a set of reference com-
pounds are shown in Figure 2 for the 2 and 10 eV
collision energy experiments. Linear correlations be-
tween the natural log of the fragment ion abundance
ratio (ln[Ref2z]/[COT2z]) and the electron affinity of the
reference compound are observed. From these correla-
tions the effective temperature of the activated dimer
and the apparent EA (viz. the quantity DGapp) of COT
are determined. The low effective temperature mea-
sured in these and higher collision energy experiments
is attributed to the gentle ionization process as well as
the mild activation conditions. Previous EA measure-
ments for other cluster ions by the kinetic method [10]
employed desorption ionization and resulted in higher
effective temperatures. In this study the dimers of
interest formed readily under typical CI conditions.
The entropic contributions, D(DS), for the competi-
tive fragmentations of the dimers (eq 2) involving COT
and the various reference compounds chosen for these
experiments fail to cancel. The result of such contribu-
tions to the dissociation of the activated cluster ion is an
apparent electron affinity which varies with collision
energy. Table 1 shows the effect of collision energy on
the value of the apparent EA of COT. Although this
value increases only slightly with collision energy com-
pared to the error associated with the literature value
for the references, the small difference in effective
temperature (approximately 100 K) between experi-
ments performed at successive collision energies sug-
gests that there is an entropy difference between the
two dissociation channels of the activated anion cluster
composed of COT and each of the reference com-
pounds.
The entropy and enthalpic effects were separated
using a plot, based on eq 6, of the intercepts versus the
slopes for the five collision energies examined. The
results are shown in Figure 3 and from the slope of this
plot, the estimated adiabatic EA of COT is 0.58 6 0.10
eV. The error associated with this determination is
because of the imprecision of the EAs of the calibration
compounds as well as smaller contributions from ex-
perimental error. The EA value is consistent with the
value determined [2] by the equilibrium electron-trans-
fer reaction with O2 (0.55 6 0.02 eV) and also with the
value determined [1] by thermal electron detachment
(0.58 6 0.04 eV). The use of multiple collision energies
allows the entropy contribution to be deconvoluted and
allows a determination of the EA of COT.
The entropy difference, D(DS), between the two
reaction channels can be written as the difference of the
Figure 1. Product ion tandem mass spectra of the mass-selected
heterodimeric radical anion composed of COT and 2,6-dichloro-
benzonitrile. Activation of the dimer was performed using single
(a) 2 eV and (b) 10 eV collisions with argon.
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individual electron attachment entropies, i.e., DS0(Ref)
2 DS0(COT), provided that the dimer complex is
loosely bound. The entropy difference for the two
competitive dissociations, determined from the inter-
cept of the plot in Figure 2, is estimated to be 25.6 6
10 e.u. (J mol21 K21). The entropy change associated
with fragmentation to give each of the ionized reference
compounds is assumed to be constant and is assumed
equal to the reported value of 10.9 6 8.4 e.u., the known
entropy of electron attachment, DS0, for the reference
compound a,a,a-trifluoro-p-tolunitrile [4]. The remain-
der of the entropy difference, 214.7 6 13.0 e.u., is
attributed to the entropy change on electron attachment
to COT. The large uncertainty, however, limits the
value of this measurement.
Conclusion
The dissociation of gas-phase anion clusters composed
of COT and a series of reference compounds, [COT z
Ref]2z, after activation at a number of collision energies
allowed the adiabatic enthalpy and entropy changes to
be measured. In much of the previous work involving
the kinetic method, the entropy change between the two
reaction channels, D(DS), was negligible. This resulted
primarily from the choice of ligands (e.g., monodentate)
used to bind the charged species (e.g., H1). Multiden-
tate binding to the charged species, for example, when
using larger biomolecules as ligands, and significant
structural changes between the neutral and charged
monomer (e.g., COT 3 COT2z) necessitate the applica-
tion of the extended version [18, 26] of the kinetic
method in the manner described here in order to
accurately determine the enthalpic quantity of interest.
At the same time, this procedure provides entropic
information.
The estimated EA of COT as determined by the
kinetic method is 0.58 6 0.10 eV, a value in good
agreement with that of 0.55 6 0.02 eV reported by Kato
et al. [2] determined by electron transfer. The errors
associated with the measurements reported here reflect,
in part, the lack of a large collection of precise data on
negative ion thermochemistry. As seen, the ability to
deconvolute the desired enthalpic quantity (EA) from
the entropic quantity, D(DS), allows an accurate enthal-
pic value to be determined. However, the linearity of
this plot is intrinsic to the plotting method and therefore
is not a reflection of the quality of the data nor does it
serve to improve its precision.
Figure 2. Linear correlations between ln([Ref2z]/[COT2z]) and
the electron affinities of the reference compounds, (a) 2 eV
collisions and (b) 10 eV collisions. (1) a,a,a-trifluoro-p-tolunitrile,
(2) 2,6-dichlorobenzonitrile, (3) a,a,a-trifluoro-o-tolunitrile, (4)
3-fluorobenzaldehyde, (5) a,a,a-trifluoro-m-tolunitrile, (6) 2-flu-
orobenzaldehyde, (7) 3-chloroacetophenone, (8) 4-chloroacetophe-
none.
Table 1. Effect of collision energy on the apparent electron
affinity of COT
Collision
energy (eV) EAapp(COT) Teff
2 0.66 eV 290 K
10 0.69 eV 380 K
20 0.71 eV 490 K
30 0.72 eV 520 K
50 0.72 eV 520 K
Figure 3. Deconvolution of enthalpic and entropic contributions
to the dissociation of [COT z Ref]2z dimers from multiple collision
energy (2, 10, 20, 30, and 50 eV) CID experiments. Note that the
linearity of the plot is intrinsic in the plotting method.
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